ciRS-7 is an intensely studied, highly expressed and conserved circRNA. Essentially nothing is 23 known about its biogenesis, including the location of its promoter. A prevailing assumption has 24 been that ciRS-7 is an exceptional circRNA because it is transcribed from a locus lacking any 25 mature linear RNA transcripts of the same sense. Our interest in the biogenesis of ciRS-7 led 26 us to develop an algorithm to define its promoter. This approach predicted that the human ciRS-27 7 promoter coincides with that of the long non-coding RNA, LINC00632. We validated this 28 prediction using multiple orthogonal experimental assays. We also used computational 29 approaches and experimental validation to establish that ciRS-7 exonic sequence is embedded 30 in linear transcripts that are flanked by cryptic exons in both human and mouse. Together, this 31 experimental and computational evidence generate a new view of regulation in this locus: (a) 32 ciRS-7 is like other circRNAs, as it is spliced into linear transcripts; (b) expression of ciRS-7 is 33 primarily determined by the chromatin state of LINC00632 promoters; (c) transcription and 34 splicing factors sufficient for ciRS-7 biogenesis are expressed in cells that lack detectable ciRS-35 7 expression. These findings have significant implications for the study of the regulation and 36 function of ciRS-7, and the analytic framework we developed to jointly analyze RNA-seq and 37
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ChIP-seq data reveal the potential for genome-wide discovery of important biological regulation 38 missed in current reference annotations. 39 40 Author Summary 41 42 circRNAs were recently discovered to be a significant product of 'host' gene expression 43 programs but little is known about their transcriptional regulation. Here, we have studied the 44 expression of a well-known circRNA named ciRS-7. ciRS-7 has an unusual function for a 45 circRNA; it is believed to be a miRNA sponge. Previously, ciRS-7 was thought to be transcribed 46 Introduction 54 Until recently, the expression of circRNA was almost completely uncharacterized, with a few 55 important exceptions [1] [2] [3] [4] . It is now appreciated that circRNAs are a ubiquitous feature of 56 eukaryotic gene expression [1, 3, 5, 6] . While many functions have been posited for circRNAs, 57 few have been supported with experimental evidence. ciRS-7, one of the most highly expressed 58 and most intensely studied circRNAs, is an exception to this rule, where recent work has shown 59 it functions as a miRNA sponge [6, 7] . The sequence of ciRS-7 is highly repetitive with over 70 60 repeated miR-7 seed sequences in humans, most of which are conserved across eutherian 61 mammals, and its expression is highly variable across tissues [6] [7] [8] . ciRS-7 also exhibits 62 increasing expression in neuronal differentiation models in vitro [9] . In zebrafish, which do not 63 have an endogenous copy of ciRS-7 but do express miR-7, ectopic expression of the ciRS-7 64 sequence results in a defect in midbrain development [6] . And a recent ciRS-7 knock-out mouse 65 exhibited neuronal defects, including impaired sensorimotor gating and dysfunctional synaptic 66 transmission [10] . In spite of these functional findings, a model for the biogenesis and regulation 67 of ciRS-7 is lacking, and key questions remain: What is the primary transcript that is processed 68 to produce ciRS-7? Where in the genome is the promoter for this transcript? Are there any other 69 spliced transcripts, circular or linear, generated from this locus? 70
Correlative and mini-gene analyses have suggested that biogenesis of some circRNAs 71 is regulated by intronic sequence flanking the circularized exon [11] [12] [13] . However, the 72 immediate flanking sequence does not appear to control the biogenesis of ciRS-7; inserting 1 kb 73 of the endogenous sequence flanking the ciRS-7 exon into a plasmid driven by a CMV promoter 74 was not sufficient to produce ciRS-7 [7] , implying that additional sequence is necessary for 75 circularization. Identifying this additional sequence is an especially difficult problem in the case 76 of ciRS-7, as the intron upstream of the circularized exon has not been described due to the 77 lack of an annotated promoter, and unlike every other known human circular RNA, ciRS-7 is not 78 thought to be included in a mature linear transcript, obscuring possible transcriptional start sites 79 that would be shared with these isoforms. 80
Identifying the promoter for ciRS-7 has broad implications but is non-trivial: unlike for 81 linear RNAs where techniques like 5' RACE can determine the transcription start site (TSS), no 82 such approach can be used for ciRS-7 or any other circRNA. To overcome this problem and to 83 identify the TSS of ciRS-7 , we designed a new statistical method that entailed integrative 84 analysis of chromatin modifications measure by ChIP and the RNA expression levels of ciRS-7 85 to identifying its promoter. This is a general analytic framework that could be applied to any 86 transcript, but we chose to focus on ciRS-7 because of the biological significance described 87 above and because it has stood out as the only case of a human circRNA with no known linear 88 counterpart. 89
Our analysis led us to discover that the promoters of a nearby uncharacterized locus 90 currently annotated as a long non-coding RNA (LINC00632) were responsible for driving ciRS-7 91 expression. In contrast to current thinking in the field, we also discovered that, in both human 92 and mouse, the ciRS-7 exon is embedded in novel linear transcripts that include cryptic exons 93 both up and downstream of the ciRS-7 sequence. In humans, these linear transcripts include 94 exons overlapping with LINC00632, and the subcellular localization of transcripts from 95 LINC00632 vary depending on the presence of the ciRS-7 sequence. 96
Together, these results support (post-)transcriptional coupling between a long-noncoding 97 RNA and ciRS-7 and raise important functional questions about this locus. Our results also 98 represent the first steps toward pinpointing the mechanisms underlying the regulation and 99 biogenesis of ciRS-7. 100 101
Results

102
Computational methods predict the ciRS-7 promoter region 103
As a first step to identify the ciRS-7 promoter, we examined available chromatin 104 immunoprecipitation sequencing (ChIP-seq) data from HeLa, HEK293, and in vitro differentiated 105 neuronal cells, which exhibit a range of ciRS-7 expression, from very low (or nonexistent) in 106
HeLa cells to very high in neurons [7-9]. 107
We investigated RNA Polymerase II binding as well as the histone modifications 108
H3K4me3 and H3K27ac, which are enriched in active promoters [14, 15] . In addition, we 109 examined H3K4me1, which is enriched in enhancers, and H3K27me3, a repressive mark 110 enriched in silenced loci [16] . The only peaks called by MACS2, a widely used peak-calling 111 algorithm [17], in H3K4me3, H3K27ac or RNA Polymerase II were in HEK293 and in vitro 112 differentiated neuronal cells and coincided with the transcriptional start positions of LINC00632 113 isoforms, the nearest annotated transcript upstream of ciRS-7 ( Fig 1A; S1 Fig) . Conversely, the 114 repressive mark H3K27me3 was visibly enriched throughout the LINC00632 and ciRS-7 locus in 115
HeLa cells, consistent with their lack of ciRS-7 expression, with a H3K27me3 peak called at a 116 LINC00632 promoter (S1 Fig) . This visual inspection generated the hypothesis that the 117 LINC00632 and ciRS-7 promoters coincide, which we went on to quantitatively test. 118
If ciRS-7 shares its promoter with LINC00632, activating chromatin marks at the 119 LINC00632 promoter and ciRS-7 expression should be positively correlated. To test this 120 prediction, we analyzed matched ChIP-seq and RNA-seq data from 34 ENCODE tissues and 121 cell types. Specifically, we separated the ~175 kb genomic region spanning 50 kb upstream of 122 the LINC00632 annotation to 50 kb downstream of ciRS-7into 500 bp bins, and we computed 123 the Pearson correlation between ciRS-7 expression and the enrichment of each of three 124 activating marks (H3K4me3, H3K4me1, and H3K27ac) in each bin ( Fig 1B) . Because the null 125 distribution of the Pearson correlation requires assumptions that do not hold for our data, we 126 computed an empirical null distribution: for each activating mark, we computed the Pearson 127 correlation between ciRS-7 expression and its enrichment per bin 50 kb up-and downstream of 128 genes that should have no relationship to expression or chromatin modifications in the ciRS-7 129 locus: ACTB, HOTAIR, and FOXO4. This empirical null distribution was used to estimate the 130 FDR for the correlation coefficients at each bin/mark pair (S2 Fig, Methods) . 131
The Pearson correlation between H3K4me3 marks and ciRS-7 expression were highest 132 and statistically significant (q<0.005) at the two promoters of LINC00632 ( Fig 1C, 
Orthogonal experimental tests validate that ciRS-7 shares a promoter with LINC00632 141
To determine whether specific activation of the LINC00632 promoters was sufficient to drive 142 ciRS-7 expression, we used three experimental tests. First, we used the promoter-activating 143
CRISPRa system in HeLa cells which express low or undetectable levels of ciRS-7[7,19] to test 144 if ciRS-7 expression could be driven by these promoters. We designed single guide RNAs 145 (sgRNAs) to target the two promoter regions highlighted in Fig 1C, just upstream of T1 and T3, 146 identified as the putative promoter regions by computational analysis (See S1 File for sgRNA 147 sequences). Targeting of the CRISPRa system to either region resulted in induction of specific 148 LINC00632 isoforms, and activating either of these promoters induced robust expression of 149 ciRS-7 (Fig 2A) , with a ∆Ct compared to ACTB of ~10 (S4 Fig As a final test that the dominant promoter of ciRS-7 is located in the LINC00632 170 promoter, we created a genomic deletion in HEK293T cells, which express ciRS-7 at high levels 171
[8], that encompasses the predicted positions of both putative promoters and encompass the 172 To test these novel predicted splicing events, we performed RT-PCR using primers in 202 HEK293T ( Fig 4A,B In an effort to test transcriptional co-regulation between LINC00632 and LINC00632-212 ciRS-7, we profiled 136 ENCODE cell lines and tissues to quantify both (a) the total expression 213 of ciRS-7 sequence compared to LINC00632 and (b) the splice variants ciRS-7 and ciRS-7-214 LINC00632 (S13 fig). This analysis revealed that (a) ciRS-7 is more highly expressed in 215 muscle and fat tissues than in the brain (based on TPM values); (b) the expression of 216 LINC00632-ciRS-7 splicing versus ciRS-7 expression is tissue-specifically regulated; and (c) 217 while relative expression levels of LINC00632 and ciRS-7 have a dynamic range across several 218 orders of magnitude, their expression was highly correlated across all cell lines and tissues we 219 analyzed (Pearson r=0.57, Spearman r=0.41, both p-vals<<10e-6). Together, this analysis 220 suggests both transcriptional coupling and differential regulation of splicing between LINC00632 221 and ciRS-7. 222
Many features of ciRS-7 expression are conserved in mammals [6] . We hypothesized 223 that its embedding in linear transcripts was similarly conserved, despite the current thinking that 224 ciRS-7 lacks a mature linear transcript in mammals [6-8,10,21]. To test this hypothesis, we 225 applied the the same analytic approach used above in human cells to mouse (Methods). It also 226 predicted the existence of novel cryptic exons flanking ciRS-7, variants that were confirmed by 227 RT-PCR in mouse brain (Fig 4D,E) . In addition, it predicted a new circRNA resulting from back-228 splicing of a cryptic exon 15 kb downstream of ciRS-7 to its annotated acceptor, which we 229 validated by PCR and sequencing (Fig 4D,E) . qPCR for the linear junction between the novel 230 upstream exon and ciRS-7 showed this isoform was RNase R sensitive, evidence of it being 231 linear, and ~250 fold less abundant than ciRS-7 (S14 Fig) . In this experiment, ciRS-7 was also 232 strongly sensitive to RNase R, as has been reported by others [3] . While exonic sequences 233 flanking ciRS-7 in linear transcripts have no detectable primary sequence homology between 234 human and mouse, such conservation is not necessarily expected for long non-coding RNAs 235 [22] . 236
Our RNA-seq analysis focused on establishing the existence of cryptic exons spliced to 237 and from the ciRS-7 exon, rather than complete annotation of all existing transcripts. We sought 238 to estimate transcript diversity in this locus by exploratory RT-PCR in human cells. This work 239 uncovered isoforms that splice directly from LINC00632 to cryptic exons downstream of ciRS-7, 240 including skipping of the ciRS-7 sequence and direct splicing into the downstream internal exon 241 of ciRS-7 ( Fig 4E, S10 Fig) . We attempted several PCRs not guided by the RNA-seq analysis 242 described above; in general, these PCR reactions were negative, evidence against a model of 243 pervasive noisy splicing in the locus, and evidence that we had identified the dominant 244 transcripts expressed from the LINC00632 locus. 245 246 ciRS-7 sequence has potential circRNA-independent regulatory effects 247
To test for potential differential regulation of ciRS-7, LINC00632, and LINC00632-ciRS-7 248 linear transcripts, we profiled their subcellular localization by fractionating nuclear and 249 cytoplasmic RNA from HEK293T. Using XIST and ACTB as controls for enrichment of nuclear 250 and cytoplasmic fractions, respectively, qPCR demonstrated that, relative to ciRS-7, LINC00632 251 and LINC00632-ciRS-7 were enriched in the nucleus with increasing degrees (~9 and 25-fold 252 respectively vs. ciRS-7), suggesting that the ciRS-7 sequence impacts the steady-state 253 localization of transcripts containing it ( Fig 4F) . 254
One hypothesis generated by this work is that the expression of ciRS-7 is directly or 255 indirectly tied to the expression of other transcripts in this locus. The recent study that knocked 256 out the ciRS-7 sequence in mouse allows us to begin to test this hypothesis [10] . 257
While we have not experimentally validated the transcriptional start of the ciRS-7 pre-258 mRNA in mouse, there are many similarities to the human locus: the nearest upstream gene is 259 an uncharacterized lincRNA (C230004F18Rik) and the nearest H3K4me3 (a mark of promoter 260 activity) and RNA Polymerase II peaks to ciRS-7 occur at the transcriptional start of this lincRNA 261 ( Fig 5A) . In addition, transcription of this locus appears to begin at the C230004F18Rik 262 promoter, proceeding continuously past the ciRS-7 locus ( Fig 5A) . Taken together, these data 263 suggest that the transcriptional start of the ciRS-7 pre-mRNA in mouse occurs at an upstream 264 lincRNA, namely C230004F18Rik, as it does in human. This raises the question: is the 265 abundance of C230004F18Rik affected by the presence or absence of the ciRS-7 sequence? 266
To test this, we re-analyzed data from mouse ciRS-7 knockout experiment to determine 267 if deletion of the ciRS-7 sequence resulted in differential expression of C230004F18Rik. We 268 discovered that, when collapsing across all brain regions profiled, among differentially 269 expressed genes that are statistically significant, C230004F18Rik is the third-most upregulated 270 gene in the ciRS-7 KO vs. WT (Fig 5B,C; 2.44 fold induction, p-adjusted 1.21e-6). The most 271 upregulated gene is Fos (3.44 fold, p-adjusted 2.95e-5), and the second-most upregulated gene, 272
C030023E24Rik (3.03 fold, p-adjusted 1.10e-9), is an uncharacterized transcript located roughly 5.5 273 kb downstream of ciRS-7 and encompassed by the transcriptional read-buildup ( Fig 5A-C) . 274
In the hippocampus, C230004F18Rik was the most significantly changed gene after 275 ciRS-7 by p-value, with 3.11 fold higher expression (p-adjusted 2.51e-13), followed by 276 C030023E24Rik (3.4 fold higher, p-adjusted 6.29e-13) (S15 Fig). And C230004F18Rik was 277 significantly upregulated in all tissues examined except the cortex (S15 Fig) ( the lack of 278 significant differential expression was presumably due to higher variability between replicates 279 than in other tissues, see Fig 5C) . This consistent and large effect of ciRS-7 knock-out on 280
C230004F18Rik is consistent with a direct regulatory impact of the ciRS-7 sequence on 281 The transcriptional and splicing machinery necessary for ciRS-7 expression is likely not 301 brain specific, and rather is general: BACs containing a fragment of the LINC00632 locus that 302 includes its promoter can express ciRS-7 when introduced to HeLa cells (which have little to no 303 endogenous expression of ciRS-7). ciRS-7 expression may be primarily regulated at the level of 304 chromatin modification of the locus, either at the newly-discovered promoters or putative 305 enhancers. C030023E24Rik. The magnitude and significance of these effects compared to other gene 316 expression changes suggests it was a direct effect of the ciRS-7 knockout, and raises the 317 possibility that some functions assigned to the knock-out animal could be due to increases in 318 expression of the Riken transcripts. 319
There are multiple models that could explain the increased expression of the up-and 320 downstream-Riken transcripts ciRS-7-null mice. If ciRS-7 transcription originates from a 321 promoter shared with C230004F18Rik, as is the case for human transcription, then ciRS-7 322 would originate from the same linear pre-spliced transcript as the Riken transcripts. This raises 323 the possibility that generating linear transcripts containing the ciRS-7 sequence destabilizes 324 them or that the act of circRNA biogenesis itself leads to destabilization of the residual linear 325 transcript. These explanations would predict upregulation of the Riken transcripts when the 326 ciRS-7 exon is deleted. Another model is that ciRS-7 could directly or indirectly affect 327 expression of the Riken transcripts through regulatory networks. For example, ciRS-7 may 328 sequester or compete for splicing factors (e.g., nuclear Ago2 [23]), or ciRS-7 expression may 329 affect the expression of other genes that are involved in direct regulation of the Riken 330 transcripts. 331
The view that ciRS-7 directly regulates its host transcript is supported by our finding that 332 ASINC transcripts are differentially localized in the cell depending on their inclusion of the ciRS-333 7 sequence. This suggests active regulation of or by the transcripts potentially through factors 334 that bind the sequence in ciRS-7, and generates the hypothesis that ciRS-7-containing linear 335 ASINC.2 has different functions in the nucleus than the ciRS-7 circRNA in the cytoplasm. 336
Indeed, the cytoplasmic ciRS-7 circles have been shown to function by sequestering mir-7[6,7], 337 a mechanism that unlikely to be employed by nuclear ASINC.2. Further study of transcripts in 338 the entirety of the locus and their regulation may reveal new functions for ciRS-7 and this locus 339 as a whole. 340
This work also lays a foundation for the field to begin to dissect transcriptional regulation 341 and biogenesis of the ciRS-7 locus. Regulation of alternative splice variants in the ASINC locus, 342 transcription factor binding patterns, and three-dimensional interactions between the promoters 343 and putative enhancers we identified can now be analyzed across different cell types and 344 throughout development. In addition, the analysis presented here could be generalized to other 345 genes whose promoters are not well-annotated. For example, another well-known circRNA with 346 no annotated promoter is derived from the Sry gene in mouse, which is circularized in mature 347 adult testes but expresses an unspliced mRNA in the developing genital ridge that governs sex 348 determination [2]. It has been hypothesized, though remains untested, that the promoter for the 
ENCODE data analysis 395
For ChIP-seq analysis of histone modifications, processed narrowPeak files aligned to hg19 396 were downloaded from the ENCODE portal. All samples for ChIP-seq were selected with the 397 following filtering criteria, based on annotations in the metadata annotation file downloaded from 398 https://www.encodeproject.org/metadata/type=Experiment&replicates.library.biosample.donor.or 399 ganism.scientific_name=Homo+sapiens/metadata.tsv: "Assay" == "ChIP-seq", "File format" == 400 "bed narrowPeak", "Output type" == "peaks". Only samples with availability of H3K4me1, 401
H3K4me3, H3K9me3, H3K27ac, H3K27me3, and H3K36me3 were selected. For RNA-seq 402 analysis, raw reads were similarly downloaded from the ENCODE portal. Total RNA-seq 403 experimental data were filtered based on the following criteria: "File format" == "fastq", "Output 404 type" == "reads", "Biosample treatment" == null, "Library depleted in" == "rRNA", "Biosample 405 subcellular fraction term name" == null. The lists of cell types for which satisfactory ChIP-seq 406 and RNA-seq data were cross-referenced to identify the list of 34 cell types for which data was 407 analyzed. 408 command was used, using either --fr-stranded or --rf-stranded depending on the order of the 424 input files. For paired-ended data, the quant --[fr/rf]-stranded -b 0 -t 2 command was used, again 425 using either --fr-stranded or --rf-stranded depending on the input read files. 426
Expression data was quantified as 1000*tpm/transcript length. Expression values (RPKM) were 427 averaged across replicates for a given cell type for a given transcript. 428
429
Our methodology for identifying novel promoters is described below and fundamentally differs 430 from typical informatic approaches such as machine-learning algorithms that use hidden 431 variables or neural networks. These approaches have unknown statistical properties such as 432 effective degrees of freedom or an easily-modeled null distribution for the final test statistic. 433
Below, we describe a method that is conceptually simple and statistically transparent in that the 434 null distribution can be easily computed, and our statistic of interest, numerically related to the 435 active promoter, can be referred to this distribution to obtain an empirical p value. 436
Decoy ChIP marks on chromosomes 7, 12, and X, corresponding to regions +/-50 kb upstream 437 and downstream of the annotated TSS and transcription stop sites respectively in the ACTB, 438 FOXO4, and HOTAIR loci, were used as an empirical null for determining the false-discovery 439 rate (FDR) for correlations between ChIP enrichment in putative promoters and enhancers (S3 440 File). We computed an FDR as follows. For each mark, we computed the correlation between 441 ciRS-7, measured as exonic TPM, and chromatin mark enrichment for bins on chromosomes 7, 442 12, and X, and generated the empirical distribution of these correlations (S5 File). Then for each 443 mark, we determined the correlation value above which 0.5% of the data in the empirical null fell 444 (q<0.005), and assigned a correlational threshold on the basis of this. We model-checked our 445 assumptions for the empirical null distribution by showing that there was no significant 446 correlation or anticorrelation between ciRS-7 and ACTB (Pearson r = 0.31, p-value = 0.08), 447 ciRS-7 and HOTAIR (Pearson r = -0.13, p-value = 0.45), or ciRS-7 and FOXO4 (Pearson 448 r=0.12, p-value 0.48) as such effects could distort our null model. Heatmaps were generated by 449 averaging ChIP-seq peak enrichment for a given 500bp genomic bin across all sample 450 replicates, and computing the Pearson correlation coefficient of ChIP enrichment against RNA-451 seq expression for a given cell type. 452
For genome browser screenshots, pre-processed data was obtained from the ENCODE portal 453 (see S6 File) and visualized using the UCSC genome browser. Data were shown as the mean 454 value over a smoothing window of 6 pixels. All transfections were performed in 6-well plates using 7.5 μL of Lipofectamine 3000 and 2.5 μg 506 of total DNA per well according to the manufacturer's protocol. Unless noted otherwise, cells 507 were harvested 24 hours after transfection. 508
For CRISPRa experiments, we introduced 1.25 μg of the SP-dCAS9-VPR plasmid and 1.25 μg 509 of combined sgRNA plasmids (four for each promoter tested) (see S1 File for sequences). Cells 510 were harvested 48 hours after transfection. 511
For CRISPR genomic deletions, two sgRNA vectors (pMCB306) with guides targeting a ~55 kb 512 deletion of the X chromosome were transfected into HEK293T cells at a total mass of 1.25 mg 513 per transfection along with 1.25 mg of a vector expressing Cas9 (lentiCas9-Blast). The 514 sequences for these guides can be found in S1 file. The cells were incubated for two days prior 515 to being sorted into single cells by GFP fluorescence as a measure of transfection, which is also 516 expressed on pMCB306. After two weeks, colonies were screened by PCR for the presence of 517 the deletion. Fig 2B--left (lanes 2 and 3) . RNA seq data. To estimate a false discovery rate, null correlations are computed using chIP-740 enrichment at disparate regions of the genome with no relationship to ciRS-7 (ACTB, FOXO4, 741 and HOTAIR). Then, using these null correlations, a null distribution is created from which a 742 false discovery rate can be estimated. (C) Heatmap correlation (Pearson r) between strand-743 specific ciRS-7 expression and enrichment of histone marks across the ciRS-7 locus and 744 surrounding genomic region (spanning from 50 kb upstream of LINC00632 and 50 kb 745 downstream of ciRS-7). Correlations are plotted in 500 nucleotide bins, and a depiction of 746 annotated genes is shown below. Our FDR threshold (q<0.005) is satisfied for correlations 747 greater than 0.35 for H3K4me1 (top 6 correlated 
